Introduction
The study of fatty acid (FA) composition of tissue phospholipids (PL) is important because long chain (LC) polyunsaturated fatty acids (PUFA) associated with these lipids serve critical biological roles as the precursors for numerous bioactive lipid derivatives and in cell-to-cell communications [1, 2] . The PUFA-derived mediators include prostaglandins, leukotrienes, thromboxanes, endocannabinoids (EC), and other families of oxylipins. In human studies, serum or plasma is commonly used to evaluate fatty acid status because of its availability and the FA composition of circulating PL is the most reliable estimate of PUFA and essential fatty acid status PL [3] .
Analyses of LC PUFA are routinely performed to assess dietary status and tissue composition related to their biological importance. The analysis begins with the extraction of lipids from the sample and in some cases isolation of lipid classes, for example, the polar lipids such as PL from those that are non-polar lipid compounds such as triacylglycerols (TG). Thus the blood lipid pool is a mixture of TG, PL, cholesterol and its esters, and other lipid constituents including FA. The FA composition of serum PL has become an acceptable indicator for assessing nutrition status and to predict dietary fat intakes and de novo lipid synthesis [4] but its importance in dialysis patients is not well established.
It is recognized that LC n-3 PUFA, by virtue of their biochemistry and numerous derivatives, participate in a number of key biological processes. An example are the oxylipin derivatives that participate in cell membrane physiology, cell membrane fluidity, cell signaling pathways, inflammation, and gene expression [1, 3, [5] [6] [7] . The importance of LC n-3 PUFA to cardiovascular health is also of great scientific interest. With its anti-inflammatory, anti-arrhythmic, lipidlowering, and anti-hypertensive effects, LC n-3 PUFA have been described in many reports to possess important cardioprotective benefits, especially for eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) [8] [9] [10] . This is especially relevant for the chronic hemodialysis population, which has exceptionally high rates of cardiovascular disease [11] .
Higher amounts of PUFA are recognized to be associated with PL relative to the amounts found in neutral lipids like TG [12] . Because LC PUFA rarely accumulate in the neutral lipid fraction, only serum total lipids or polar LC PUFA will be useful as clinical biomarkers in hemodialysis subjects, a population with a large burden of illness [13] . Similar findings have been noted in non-dialysis patients [13] . Because LC PUFA in the polar lipid fraction is a better 5 and more stable reflection of total LC PUFA than what is found in other glycerol lipids such as TG, we firmly support that when studying the biological actions of PUFA the focus of attention should be on the polar lipid fraction. LC PUFA in the polar lipid fraction are subject to many biochemical pathways that liberate (such as by phospholipase A2) PUFA for biosynthesis of potent biological mediators via the cyclooxygenase (COX), lipoxygenase (LOX), EC pathways and others [1, 2] . Therefore, the overarching hypothesis of this study is that the FA composition of serum polar lipid fraction best represents overall PUFA status in chronic hemodialysis patients and is therefore a better indicator of dietary status and well-being. The aims of this study were to confirm in hemodialysis patients that: 1) greater amounts of LC PUFA are found in the polar lipid fraction; 2) that LC PUFA in the polar fraction provide greater clinical relevance for essential FA status and dietary status of the subject or patient than other fractions; 3) that LC PUFA in the polar lipid fraction reflect more stable levels of LC PUFA than what is found in other glycerol lipids such as TG. The nutrition and clinical significance of our analyses is to achieve the best representative appraisal of PUFA to assess diet status and disease risk.
Subjects and Methods

Study population and collection of serum samples
The population of 10,044 individuals who participated in the Accelerated Mortality on Renal Replacement (ArMORR) project, a nationally representative prospective cohort study of patients who initiated chronic hemodialysis at one of 1,056 dialysis centers in the U.S, have been previously described [14] . This study was approved by the Institutional Review Board of the Massachusetts General Hospital, Boston, MA, ClinicalTrials.gov Identifier: NCT00505180.
Lipid class fractionation
Human serum samples were processed to determine FA composition in serum, and in neutral and polar lipid fractions after solid phase extraction. 100 µl was used for the total lipids analysis and 140 µl for the polar and neutral lipid fraction analyses. Briefly, serum lipids were extracted with 7.5 ml chloroform/methanol (2:1, vol/vol). For the analysis of fatty acids in the neutral and polar lipid fractions, solid phase extraction was used to fractionate the extracted lipids with chloroform 6 (20 ml) eluting the neutral lipid fraction and the methanol (20 ml) eluting the polar lipid fraction by a silica cartridge (300 mg filling, Alltech) attached to a 20 ml glass syringe [15, 16] . The fractions were then dried under nitrogen gas stream.
For the measurement of fatty acids in the total lipids and the neutral lipid fraction, the extracted lipids were treated with 0.5 ml 0.5 N NaOH in methanol at 100 o C for 20 minutes, and fatty acid methyl esters (FAME) prepared by esterification using boron trifluoride (BF3) in methanol (10% w/w, Supelco Inc. Bellefonte, PA) at 100 o C using a heating block for 20 minutes in tightly sealed test tubes filled with nitrogen gas. The polar lipid fraction was methylated to FAME directly with 10% BF3 in methanol after heating at 100 o C for 10 minutes in a tightly sealed test tube after containing nitrogen gas. The resulting FAME was dissolved in 100 µl isooctane (HPLC grade, Fisher Scientific, Pittsburg, PA) and transferred to a GC sample vial with insert.
Gas chromatographic analysis of FAME
The resulting FAME from the total lipids, and the neutral and polar fractions of serum were 
Statistical analyses
Data for serum FA composition were expressed as the means and standard deviations. The coefficient of variation (CV) was determined and the significance level between the deceased and the survived subject groups were calculated by the t-test procedure using SAS (version 9. 
Results
The 400 ArMORR subjects used for this analysis were part of a separate study that included 100 deceased who died of sudden cardiac death during the first year on hemodialysis and 300 patients who survived (Supplemental Table 1 ). LC PUFA levels are higher in the polar fraction than in the total lipids (Table 1A ) and neutral fraction (Table 1B) . Levels of the two most common LC PUFA, AA and DHA, were consistently higher in the polar fraction compared to total lipids or neutral fraction, as were the total n-3 PUFA, n-3 LC PUFA, and n-6 LC PUFA.
The total n-3 PUFA were higher in the polar (4.35%) compared to 2.71% in the total lipids and only 0.69% in the neutral lipid fraction. Total LC n-6 PUFA were also higher in the polar fraction at 11.41% compared to 8.09% in the total lipids and 5.26% in the neutral fraction. Total n-3 LC PUFA were 3.99% in the polar compared to 2.15% in the total lipids and merely 0.28% in the neutral lipid fractions. The ratio of LC n-6 PUFA to LC n-3 PUFA was lower in the polar lipid (3.06) compared to that of the total lipid (4.15) and neutral lipid fraction (8.30). Therefore, LC PUFA were found concentrated in the polar fraction compared to both the neutral fraction and the total lipids. The relative amounts of LC PUFA in the total lipids and neutral fraction reflect the contribution of TG in blood that varies with diet (amount and type of fat, caloric macronutrient intake), age (young versus old) and physiologic state (BMI and activity).
Our data also show that the polar lipid fraction is a more stable reflection of LC PUFA status compared to the other lipid fractions because the latter are diluted by non-essential FA.
Specifically, Tables 2 and 3 show that smaller CV values for PUFA in the polar fraction were observed when compared to the total lipids and neutral lipid fraction (Table 2 for subjects who survived and Table 3 for those who died). Among all the FA measured in subjects who survived, AA of polar lipids had a CV value of 22.46 compared to 27.87 in the total lipids and 35.84 in the neutral fraction ( Table 2 ). The CV for DHA was 34.05 in the polar fraction compared to 41.43 for the total lipids and 179.2 for the neutral fraction. For total PUFA, the CV of polar lipid was only 7.51 compared to 10.50 for the total lipids and 14.91 for the neutral lipid fraction. 8 Similarly, the CV for total lipid LC PUFA (POLY) was only 7.51 for the polar fraction while that of the total lipid was 10.50 and that for neutral lipid was 14.91 (Table 2) . Likewise, the values for POLY for those who died of sudden cardiac death were 9.91, 13.87, and 19.03, respectively (Table 3) . Of interest with respect to n-3 PUFA status and sudden cardiac death is that EPA and DHA levels in the polar lipid fractions were higher in hemodialysis patients, regardless of whether they survived or died of sudden cardiac death (Tables 2 and 3 ). Therefore, since these n-3 PUFA are believed to be lower in hemodialysis patients that puts them at risk for cardiovascular disease, a more precise measurement of their levels could be achieved by the polar lipid analysis of the PUFA. Furthermore, in the polar lipid fraction, DHA and total n-3 PUFA were higher in hemodialysis patients that were survivors. The smaller CV values observed in the polar lipid fraction for AA, DHA, and total LCPUFA indicates less variability for the polar lipid fraction, which potentially offers more predictive power when evaluating nutritional status and biomarker relationships for hemodialysis patients.
When comparing the difference in hemodialysis patient serum polar lipid fraction FA and clinical data between the deceased and the survived subjects, major LC PUFA species are noted to be significantly different between the two groups of subjects (Table 4 ). In particular the polar lipids revealed higher levels of DHA, total PUFA (POLY), total n-6 PUFA, total n-3 PUFA, and lower ratio of n-6 to n-3 PUFA in subjects who survived, while the total monounsaturated fatty acids were higher in those who died. The analysis of serum neutral lipid fractions FA values generally indicated no differences in PUFA or ratios of PUFA between hemodialysis subjects who survived or died (data not shown). Thus, there are distinctive differences between subjects who survived and died with regard to their serum PUFA composition for the polar lipid fraction.
A greater number of significant correlations with important clinical parameters such as blood pressure or blood cholesterol were found associated with primarily PUFA in the polar lipid fraction compared to the neutral lipid fraction or total lipids ( Table 5) . The values presented in Table 5 include the p values identified in brackets. Significant correlations between selected serum fatty acid values in the polar lipid fraction and clinical parameters were more frequently observed compared to the same analysis using the total lipid and neutral lipid fraction (32 in the polar fraction vs. 11 each in total lipid and 20 in neutral fraction). As shown in Table 5 
Discussion
In this investigation we found that in hemodialysis patients the polar fraction of serum lipids, which is rich in phospholipids, is preferentially enriched with LC PUFA [13] and is more strongly associated with some markers than found with the neutral fraction of PUFA. These observations coincide with the general population; even though the absolute LC n-3 PUFA content in hemodialysis patients is generally lower compared to the common population [13] .
Recently, other investigators reported that the concentrations of saturated fatty acids in phospholipid of plasma were positively and n-6 PUFA inversely correlated to coronary heart disease risk [17] ; while the concentration of trans linoleic acid in plasma phospholipids was associated with lowered risk of heart failure rate in a cohort of 788 matched pairs in the US male physicians' study [18] . It is firmly understood that the plasma polar lipid fraction contains the majority of PUFA present in the blood, which reflects the endogenous fatty acid metabolism (deacylation and reacylation of phospholipids) as well as dietary fatty acid intake of PUFA in an individual [19] . More importantly, PUFA content in circulating phospholipids approximates that of cell membrane phospholipids and thus, plasma/serum phospholipids may well represent the functional lipid pool [20] . Higher amounts of PUFA are indeed well recognized to be associated with the phospholipid faction compared to the amounts found in neutral lipids like TG [12] .
Another example to support our position is that AA has been shown to be highly enriched in the phospholipid (4%) fraction relative to the TG fraction (<1%) [12] . [21] . LC PUFA are precursors of an entire spectra of biologically active compounds called oxylipins [1] and endocannabinoids [22] . When combined with an amide group, these PUFA will form the endocannabinoid class of lipid derivatives.
Through the action of biochemical pathways that liberate LC PUFA in the PL fraction (such as by PLA2), the LC PUFA can be further converted to biologically active compounds by the COX and LOX pathways to yield many potent biological mediators. In addition, it has been well established that phospholipids play important roles as lipids constituting the cell membrane and in plasma lipoproteins, and play critical roles in the mobilization of cholesterol from the cell membrane and the regulation of genetic functions and protein metabolism [23, 24] . The clinical significance of the n-3 LC PUFA in cardiac health is documented [25] but their role as precursors of oxylipins and inflammation is growing [1] . In addition to its application in lowering disease risk, defining LC n-3 PUFA content in blood is also important because it helps determine the risk level associated with the LC n-3 PUFA status in a particular individual or a population so that corresponding measures could be taken to adjust any imbalance in LC n-3 PUFA status.
The connection between informative blood analysis of FA and cardiovascular diseases is supported by analysis of PL in polar lipids. Our premise is reinforced by the association of LC n-3 PUFA and the ratio of n-6/n-3with hypertension [26] and diastolic blood pressure inversely related to monounsaturated fatty acids in 4680 adults [27] . Understanding the relationships of PUFA to disease should be based on the most accurate assessment of lipid class of blood samples for lipid analysis. In this case the polar lipids are not diluted with fatty acids of lower significance to the biomarkers that are most relevant to inflammation and blood pressure and diet assessment. Studies on oxylipins and endocannabinoids will require greater attention to specific lipid types such as phospholipids for linking theses substrates to markers of human disease risk [1, 22] .
Our results support the position that in hemodialysis patients, as in the general population, the polar lipid fraction of circulating fatty acids is the best fraction of fatty acid containing lipids with which to assess nutrition, health, and disease status. Further, as described, many clinical studies have relied on the fatty acid analysis of tissue phospholipids to determine dietary status or disease risk. Because of consistently higher levels of both AA and DHA, ratios of LC/SM, or other ratios that reflect overall status of LC PUFA, analysis of serum polar lipid LC PUFA could be the most useful indicators of general condition and disease risk. The polar lipid fraction is important with regard to substrates for oxylipins and endocannabinoids associated with inflammation and systemic energy metabolism [1, 2, 22] .
In summary, our data advocate that LC PUFA in the serum polar lipid fraction is a superior indicator of nutrition status and disease risk compared to total lipids or the neutral lipid fraction in the hemodialysis patient. Our study has some limitations, it was not possible to extensively investigate an exhaustive set of health and disease related clinical assessments with fatty acids in different lipid classes. Given our findings, this would be a logical approach in the dialysis patient. Furthermore, future study should also focus the work and resources on the polar fraction of blood lipids to produce and maximize meaningful findings for understanding endocannabinoids and appetite as well as oxylipins and inflammation. This new information can be a used to measure and establish valid links between PUFA status for biomarkers to reduce disease risk in hemodialysis patients.
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